In this paper, we present a quantitative comparison of two agile modulation techniques employed by cognitive radio transceivers operating in a dynamic spectrum access (DSA) network. One of the modulation technique is non-contiguous orthogonal frequency division multiplexing (NC-OFDM), which is designed to avoid interference with the transmissions of incumbent users by deactivating subcarriers within their vicinity. The other modulation technique under study is a variant of multicarrier code division multiple access (MC-CDMA). Although several studies comparing conventional OFDM and MC-CDMA has been conducted in literature to justify robust error performance of MC-CDMA, a quantitative performance evaluation of these schemes has not been performed when employed in a DSA network. Due to deactivated subcarriers in DSA networks, in this paper we showed their performance can be significantly different from the conventional setup. Analytical expressions for the error probability of an NC-OFDM transceiver have been derived and compared with computer simulation results. The results show that the error robustness of NC-OFDM is relatively constant regardless of the number of deactivated subcarriers, unlike MC-CDMA transmissions, whose error performance degrades with an increase in deactivated subcarriers.
Introduction
To meet the growing demand for transmission bandwidth required by current and future wireless services and applications, the Federal Communications Commission (FCC) has begun work on defining a new spectrum allocation concept called dynamic spectrum access (DSA) [1] . With advances in software-defined radio (SDR) technology, where the baseband processing is performed entirely in software, current radio transceivers are sufficiently agile to operate in a DSA networking environment due to their ease and speed of programming baseband operations. SDR units that can rapidly and autonomously reconfigure operating parameters due to changing requirements and conditions 1 are known as cognitive radios [2] . With recent developments in cognitive radio technology, it is now possible for these systems to simultaneously respect the rights of incumbent license holders while This work was supported by NSF grants ANI-0230786 and ANI-0335272.
1 These requirements and conditions can be at the physical, network, and/or application layers of the system. providing additional flexibility and access to spectrum.
The choice of physical layer transmission technique is a very important design decision when implementing a cognitive radio. To support high data-rate transmissions, the technique should be sufficiently agile to enable users to use a large bandwidth without interfering with incumbent users. Orthogonal frequency division multiplexing (OFDM) and multicarrier code division multiple access (MC-CDMA) are two high-speed modulation techniques employed in conventional transmission systems. OFDM has been shown to be an effective transmission technique for high speed data communications. On the other hand, MC-CDMA is capable of mitigating the effects of multiuser interference. Several studies have justified superior error performance of MC-CDMA system over OFDM system [3, 4] . In DSA network, subcarriers belonging to unlicensed device, i.e. secondary user, that are located in the vicinity of an incumbent user, i.e. primary user, are deactivated to avoid interference. These variants are called non-contiguous OFDM (NC-OFDM) and non-contiguous MC-CDMA (NC-MC-CDMA).
In this paper, we conduct a quantitative comparison of NC-OFDM and NC-MC-CDMA transmission techniques within the context of a DSA network 2 . The analytical expressions for the probability of error of an NC-OFDM transceiver is presented and validated using computer simulations 3 . Then, we compare NC-OFDM and NC-MC-CDMA, in terms of error robustness. The paper is organized as follows: In Section 2, brief introduction to the NC-OFDM and NC-MC-CDMA transmission techniques are presented. In Section 3, a frequency selective Rayleigh fading channel model for BER performance analysis is presented. Theoretical SNR analysis of the NC-OFDM system is presented in Section 4. Finally, Section 5 presents the BER performance comparison between NC-OFDM and NC-MC-CDMA techniques for data transmissions over noncontiguous spectrum.
System Model
When portions of the target licensed spectrum are occupied by incumbent users, multicarrier techniques can provide the necessary agile spectrum usage [6, 7] . Multicarrierbased transceivers can deactivate, i.e. "null", subcarriers that could potentially interfere with other users, while also providing high data rates at an acceptable level of error robustness [8, 9] . Both OFDM and MC-CDMA are popular multicarrier transmission techniques. In this section, we present a brief overview of NC-OFDM and NC-MC-CDMA transmission frameworks 4 .
NC-OFDM Framework
In an NC-OFDM transceiver, a high speed data stream, x(n), is modulated using M -ary phase shift keying (MPSK) or quadrature amplitude modulation (MQAM), and split into N slower data streams using a serial-to-parallel (S/P) converter. Unlike conventional OFDM, not all of the subcarriers are active 5 , and thus do not transmit any data. The inverse fast Fourier transform (IFFT) is then applied to these modulated subcarrier signals, followed by the parallelto-serial (P/S) conversion. The baseband NC-OFDM signal, s(n), is then passed through the transmitter radio frequency (RF) chain, which amplifies the signal and upconverts it to the desired center frequency.
The receiver performs the reverse operation of the transmitter, mixing the RF signal to baseband for processing, yielding the signal r(n). Then, the signal is converted into parallel streams using S/P converter, and the fast Fourier transform (FFT) is applied to transform the time domain data into the frequency domain. After compensating distortion introduced by the channel, the data in the active subcarriers is multiplexed using a P/S converter, and demodulated into a reconstructed version of the original highspeed input,x(n).
NC-MC-CDMA Framework
The structure of MC-CDMA was devised in order to overcome the high sampling rates required by direct sequence CDMA (DS-CDMA) transmission, where spreading is performed in the time domain. This high sampling rate makes DS-CDMA very susceptible to performance degradation caused by multipath propagation [12] . To avoid any interference to existing transmissions, subcarriers that interfere with occupied portions of spectrum are deactivated, in much the same way as is done in NC-OFDM.
As with the NC-OFDM transceiver, the NC-MC-CDNA system begins by taking the high data rate input, x(n), and feeding it into an MPSK or MQAM modulator prior to serial-to-parallel (S/P) conversion into L streams. Each of these streams has a data rate less than x(n) by a factor of L.
Following the S/P conversion, each stream is replicated into N parallel copies 6 , with copy m of stream k being multiplied by chip m of spreading code C k , for k = 0, . . . , L − 1 and m = 0, . . . , N − 1 [4] . This is referred to as spreading in the frequency domain. Note that all the spreading codes used must be orthogonal with each other. After the frequency domain spreading, copy m of all the streams are added together, for m = 0, . . . , N − 1, yielding N subcarrier inputs to the IFFT block, which converts these subcarriers into the time domain. The resulting normalized complex envelope of an MPSK-modulated MC-CDMA signal is given as,
where b k is the MPSK-modulated symbol from k th stream, and C k,m is chip m of spreading sequence k. Following the P/S conversion, the baseband NC-MC-CDMA signal, s(n), is then passed through the transmitter RF chain, which amplifies the signal and upconverts it to the desired center frequency.
The receiver performs the reverse operation of the transmitter, where the received baseband signal r(n) undergoes S/P conversion, time-to-frequency conversion via FFT, and equalization. Each of the equalizers outputs are then replicated into L parallel copies, with each copy allocated to one of L streams, where despreading is performed using C k , for k = 0, . . . , L − 1. An integrate-and-dump procedure is then performed per stream, followed by P/S conversion and demodulation. This results in a reconstructed version of the original high data rate input signal,x(n).
In order to compare with NC-OFDM, it is necessary that both implementations employ identical data rates. Therefore, the number of streams, L, must also be reduced. Note that when all of the subcarriers are active, L = N .
Channel Model
For both the NC-OFDM and NC-MC-CDMA systems, we assume the maximum delay of the multipath channel is shorter than the cyclic prefix. Moreover, the transmitter and the receiver are perfectly synchronized with each other and the channel is pseudo-stationary.
With these assumptions, the i th received symbol can be described as follows:
where Y i represents N received data symbols, X i represents N transmitted data symbols, H i = FFT(h i ) is the frequency response of the channel, h i is the impulse response of the channel padded with zeros to obtain length of N , andñ i = FFT(n i ), with n i representing zero-mean complex Gaussian independent random variables. We use a general equivalent baseband multipath channel model [13] . The channel consisting of M multipath compo-nents has the form of:
where a m is a zero-mean complex Gaussian independent random variable and τ m is the delay of the m th path. We assume an exponential power delay profile given by:
where τ rms is the rms delay spread, τ max is the maximum excess delay, and C is the normalization constant which makes the total multipath power equal to 1, i.e.,
4 Signal-to-Noise Ratio Analysis
The signal-to-noise ratio (SNR) is defined as the ratio of the desired signal power to the noise power [13] . The SNR indicates reliability of transmission link between the transmitter and receiver, and is accepted as a standard measure of signal quality. Assuming a wide sense stationary uncorrelated scattering (WSSUS) channel [14] , the SNR of the received signal in Eq. (2) is given by:
Therefore, the mean SNR can be given by [15] :
where E(·) denotes an expectation operator. In the following two subsections, we present the SNR analysis for the NC-OFDM system over additive white Gaussian noise (AWGN) and Rayleigh fading channels.
AWGN Channel
Consider an AWGN channel with noise spectral density N 0 and bandwidth B, the noise power is given by:
while the SNR is given by:
Suppose the incumbent spectral occupancy 7 (ISO) is α, then the total available bandwidth would be (1−α)B. Since the channel response is assumed to be flat, the signal power would remain constant, irrespective of the available bandwidth. However, the effective noise power would be:
7 Incumbent spectral occupancy (ISO) is defined as the fraction of the intended transmission bandwidth occupied by incumbent user transmissions.
with the SNR given by:
(11) Therefore, the SNR gain is:
However, the total throughput would also be reduced to (1 − α)NR b , where R b represents the bit rate over an individual subcarrier.
Rayleigh Fading Channel
Suppose we consider a frequency non-selective slow fading channel, i.e. flat channel response, where the channel magnitude response E(|H i | 2 ) is flat over the spectrum band. The deactivation of subcarriers due to incumbent users will result in a non-zero ISO. This would also filter out a portion of the channel magnitude response, which results in an increase in the magnitude of E(|H i | 2 ). As a result, the SNR gain is given by:
In case of frequency selective multipath channel, the channel magnitude response E(|H i | 2 ) is not flat over the spectrum. Thus, deactivating a portion of the spectrum would also flatten a portion of the channel magnitude response, which results in a random increase in the magnitude of E(|H i | 2 ). Therefore, the SNR gain would not be linear as in the case with a flat AWGN channel.
NC-MC-CDMA Orthogonality Analysis
Since the subcarriers corresponding to the incumbent user transmissions are deactivated to avoid any interference to the existing users, the information over these subcarriers are lost. This causes the loss of orthogonality between the spreading codes and raises the irreducible error floor in NC-MC-CDMA system. In this work, MC-CDMA framework is modified just to avoid any interference to the primary users and for the fair comparison, the subcarriers are turned off in the same way as in NC-OFDM framework 8 . For analysis, we consider that subcarriers are perfectly orthogonal and cyclic prefix is sufficiently longer than channel delay spread. Therefore, loss of orthogonality of the spreading codes, due to deactivating subcarriers, would be a major contributing factor for the interference on NC-MC-CDMA symbols.
Intuitively, loss of information in spreading codes due to nulling of the subcarriers causes the loss of orthogonality, leading to worse BER performance as compared to that in NC-OFDM system in both AWGN and Rayleigh fading channel.
System Performance

Simulation Setup
For the simulations of the NC-OFDM and NC-MC-CDMA transceivers, N = 128 BPSK-modulated subcarriers were employed. Comparisons were performed when 0%, 5%, 10%, 15%, 20%, and 25% of the N total number of subcarriers were deactivated, modeling the effects of incumbent user spectral occupancy within the transmission bandwidth. A three-path Rayleigh channel model with an exponential power delay profile was used [14] , where each of the multipath components is an independent and identically distributed (i.i.d.) zero-mean complex Gaussian random variable. The cyclic prefix length for both transceivers was three samples long (2.5% of the symbol). Channel distortion compensation was performed using per tone equalization for each subcarrier [9] . The transceivers for both systems were assumed to be perfectly synchronized, the channel fading was considered to be pseudo-stationary, i.e., do not vary over a long period of time, and no coding was performed for the purpose of straightforward comparison. For each SNR point, the simulations continued until 100 bit errors were recorded, and each BER point was averaged over 100 channel realizations.
BER Performance Analysis
The BER results for an NC-OFDM and an NC-MC-CDMA transceiver operating in an AWGN channel for different percentages of deactivated subcarriers are shown in Fig. 1(a) . When 0% of the subcarriers are deactivated, both transceivers have the exact same performance when operating in the AWGN channel. Moreover, their curves in this case also match the theoretical BER curve for a single carrier BPSK-modulated transceiver operating in an AWGN channel, which is true for both transceivers. On the other hand, when the percentage of deactivated subcarriers increases, the performance of the two transceivers begins to differ. The BER performance of the NC-OFDM transceiver slightly improves relative to the 0% curve due to fewer contributions of subcarrier noise 9 , as shown in Fig. 2(a) . However, the BER performance of the NC-MC-CDMA degrades as the number of deactivated subcarriers increases. This is due to the fact that the subcarriers are dependent on each other since the information from the original L streams have been spreaded across them all. Thus, the deactivation of a subcarrier will result in the loss of some information, which would have been used at the receiver to reconstruct the original streams. The degradation in BER performance of NC-MC-CDMA systems is shown in Fig. 3 .
Given a three-path Rayleigh multipath channel for τ rms /T s = 0.1 were studied, where T s is the NC-OFDM 9 Since the channel is AWGN, the channel gain is flat and the effect of the E(|H i |) is non-existent. (a) AWGN channel. and MC-CDMA symbol period, the BER results for an NC-OFDM and an NC-MC-CDMA transceiver for different percentages of deactivated subcarriers are shown in Fig. 1(b) . Generally, the performance of the NC-OFDM transceiver is better than that of the MC-CDMA transceivers. The mean BER performance for a frequency selective channel closely follows theoretical expectations as shown in Fig. 2(b) In particular, as the percentage of deactivated subcarriers increases, the BER performance of the NC-MC-CDMA system worsens while the BER performance of the NC-OFDM transceivers improves slightly. Total throughput of a N -subcarrier NC-OFDM system is NR b . In NC-OFDM system, data is not transmitted over subcarriers corresponding to the spectrum occupied by the incumbent users, with prior knowledge of ISO. Therefore, there would be no information loss in NC-OFDM scheme. Moreover, SNR gain for increased ISO would result in improved BER performance of NC-OFDM scheme.
In NC-MC-CDMA system, input symbols are spreaded over the available bandwidth. Therefore, turning off the subcarriers corresponding to incumbent user spectrum would result in fractional loss of information. This partial loss of information may also result in losing orthogonality between the spreading codes. Hence, NC-MC-CDMA BER performance degrades for higher ISO.
Conclusion
In this paper, we presented two candidates for agile modulation in cognitive radio transceivers operating in a DSA network. We evaluated and compared the error robustness of NC-OFDM and NC-MC-CDMA transceivers (both analytically and through simulations) operating in an AWGN and multipath channels and compared it with NC-MC-CDMA. From the SNR analysis, it is observed that BER performance of NC-OFDM is superior to the NC-MC-CDMA system, when the available transmission spectrum is noncontiguous. 
